Effect of dietary phosphorus intake and age on intestinal phosphorus absorption efficiency and phosphorus balance in male rats by Vorland, Colby J. et al.
RESEARCH ARTICLE
Effect of dietary phosphorus intake and age
on intestinal phosphorus absorption efficiency
and phosphorus balance in male rats
Colby J. VorlandID1, Pamela J. Lachcik1, Loretta O. Aromeh2, Sharon M. Moe2,3,4, Neal
X. Chen2, Kathleen M. Hill Gallant1*
1 Department of Nutrition Science, Purdue University, West Lafayette, IN, United States of America,
2 Division of Nephrology, Department of Medicine, Indiana University School of Medicine, Indianapolis, IN,
United States of America, 3 Department of Anatomy and Cell Biology, Indiana University School of Medicine,
Indianapolis, IN, United States of America, 4 Department of Medicine, Roudebush Veterans Affairs Medicine
Center, Indianapolis, IN, United States of America
* hillgallant@purdue.edu
Abstract
Intestinal phosphorus absorption is an important component of whole-body phosphorus
metabolism, and limiting dietary phosphorus absorption is particularly of interest as a thera-
peutic target in patients with chronic kidney disease to manage mineral bone disorders. Yet,
mechanisms and regulation of intestinal phosphorus absorption have not been adequately
studied and discrepancies in findings exist based on the absorption assessment technique
used. In vitro techniques show rather consistent effects of dietary phosphorus intake level
and age on intestinal sodium-dependent phosphate transport. But, the few studies that have
used in vivo techniques conflict with these in vitro studies. Therefore, we aimed to investi-
gate the effects of dietary phosphorus intake level on phosphorus absorption using the in
situ ligated loop technique in three different aged rats. Male Sprague-Dawley rats (n = 72),
were studied at 10-, 20-, and 30-weeks-of-age on a low (0.1%), normal (0.6%), or high
(1.2%) phosphorus diet in a 3x3 factorial design (n = 8/group). Rats were fed their assigned
diet for 2-weeks prior to absorption testing by jejunal ligated loop as a non-survival proce-
dure, utilizing 33P radioisotope. Metabolic cages were used for determination of calcium and
phosphorus balance over the final four days prior to sacrifice, and blood was collected at the
time of sacrifice for biochemistries. Our results show that phosphorus absorption was higher
in 10-week-old rats compared with 20- and 30-week-olds and this corresponded to higher
gene expression of the major phosphate transporter, NaPi-2b, as well as higher whole-body
phosphorus balance and net phosphorus absorption. Dietary phosphorus intake level did
not affect jejunal phosphorus absorption or NaPi-2b gene expression. Our results contrast
with studies utilizing in vitro techniques, but corroborate results of other rodent studies utiliz-
ing in situ or in vivo methods. Thus, there is need for additional studies that employ more
physiological methods of phosphorus absorption assessment.
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Introduction
Phosphorus is an essential nutrient for normal physiological function. However, elevated
serum phosphorus has been linked to increased cardiovascular disease [1], bone disease [2],
and mortality [3, 4]. This is particularly true for patients with chronic kidney disease (CKD)
[5], where the failing kidney has a reduced capacity for renal excretion. In normal physiology,
the kidney is the primary site of regulation for phosphate homeostasis [6]. Thus, as the kidneys
fail, therapeutic options focus on reducing intestinal phosphorus absorption through dietary
restriction, luminal phosphate binding, or inhibiting intestinal phosphorus transport. How-
ever, mechanisms and regulation of intestinal phosphorus absorption have not been ade-
quately studied, especially when compared to that in the kidney. Renal phosphate reabsorption
is nearly completely transcellular and sodium-dependent and is regulated by the major known
phosphaturic hormones, parathyroid hormone (PTH) and fibroblast growth factor 23
(FGF23) [7]. In contrast to the kidney, intestinal phosphorus absorption occurs by both
sodium-dependent and sodium-independent pathways [8]. However, the relative importance
of each component is debated.
The majority of the existing literature on phosphorus absorption has relied on in vitro meth-
ods of absorption assessment including brush border vesicles or Ussing chambers. Low phos-
phorus diets have been shown to increase sodium-dependent intestinal phosphate uptake when
measured by the rapid-filtration technique in isolated brush border membrane vesicles
(BBMV) from healthy rats [9–12] and mice [13–16], and by Ussing chamber in rat [17] and pig
[18]. In contrast to in vitro studies, the limited in vivo studies in rodents have conflicting results
with low phosphate diet both increasing [19] and having no effect on [20] intestinal phosphate
absorption. Possible reasons for this discrepancy include the intestinal region tested (duodenum
vs jejunum), sex and species of the animals (female Wistar vs male Sprague-Dawley), normal vs
uremic animals, age of animals studied, differences in the technique used, and the duration of
study. Given the importance of understanding precise mechanisms of intestinal phosphorus
absorption in vivo in order to design more effective therapeutic interventions for patients with
CKD, we studied rats at three ages with low, moderate, and high phosphorus diets. Since the
majority of prior studies on intestinal phosphorus transport have utilized in vitro and ex vivo
methods with results at odds with the limited in situ/in vivo results available, we selected the in
situ intestinal ligated loop method to assess phosphorus absorption by a more physiologic tech-
nique. Our findings show that intestinal phosphorus absorption by this method is affected by
age, but is not affected by dietary phosphorus intake level, which conflicts with prior in vitro
studies, but largely corroborates the limited prior in situ/in vivo studies.
Materials and methods
Animals
This was a 3x3 factorial design study. Seventy-two male Sprague-Dawley rats (Harlan Labora-
tories, Indianapolis, IN) were randomly assigned to 10-, 20-, or 30-week-old age groups, and
randomly assigned to low, normal, or high dietary phosphorus within each age group (n = 8
rats/age x diet group). Rats were fed standard rat chow containing 0.7% phosphorus and 1.0%
Ca (Harlan Teklad 2018, Indianapolis, IN) and water ad libitum until 8-, 18-, or 28-weeks of
age (for the 10, 20, and 30-week-old age groups, respectively), at which time they were
switched to their assigned study diets and fed ad libitum for two weeks prior to sacrifice. The
low-phosphorus (LP), normal-phosphorus (NP), and high-phosphorus (HP) diets contained
0.1, 0.6, and 1.2% phosphorus, respectively, all with 0.6% Ca (Harlan Teklad, Indianapolis, IN:
TD.85010, LP, TD.84122, NP, TD.85349, HP). Rats were housed individually in wire-bottom
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metabolic cages for the two weeks of the assigned diet period, and phosphorus and calcium
balance were performed during the last four days prior to sacrifice. Body weights were taken
weekly. The light-dark cycle was maintained from 6AM-6PM. This protocol was approved by
the Purdue University Animal Care and Use Committee (Protocol Number: 1402001030).
Intestinal phosphorus absorption efficiency
Intestinal phosphorus absorption efficiency was determined by in situ jejunal ligated loop
absorption tests performed as a non-survival procedure before sacrifice. On day 14 of the
assigned diet, rats were fasted for three hours prior to the ligated loop absorption test. Groups
were order-balanced for treatment and testing to average the potential time-effect on absorp-
tion [21]. The absorption test protocol was based on that published by Marks et al. [20], with
the exception of the anesthetic. The rats were anesthetized by inhalation of isoflurane and kept
warm with a heating blanket during the non-survival procedure for approximately 45 minutes.
A jugular vein catheter was placed for blood sampling, and a baseline blood sample (0.4 mL)
was collected. The abdominal cavity was opened, and two ligatures were placed to create a ~5
cm segment of the jejunum. The first ligature was placed approximately 1 cm distal to the sus-
pensory muscle of the duodenum (Ligament of Treitz) and firmly tied twice. The second liga-
ture was loosely tied ~5 cm distal to the first ligature. Transport buffer (0.5 mL) containing
(mmol/L) 16 Na-N-2-hydroxyethylpiperazine-N0-2-ethanesulfonicacid, 140 NaCl, 3.5 KCl,
0.1 KH2PO4, and ~5 uCi 33P (33P-orthophosphoric acid, PerkinElmer, Waltham, MA) was
injected by gastight syringe (Hamilton, Reno, NV) into the jejunal lumen through the distal
ligature, which was immediately tied off following the injection of the radioactive transport
buffer. Blood (0.4 mL/sampling) was collected at 5, 10, 15, and 30 min post-injection in lithium
heparin tubes and centrifuged at 10,500 g for 10 minutes (Micro 18R, VWR, Radnor, PA) to
separate plasma. Immediately after the final 30-minute post-injection blood draw, the jejunal
loop was removed, measured for length, and placed in a 20mL scintillation vial containing 6
mL Soluene-350 (PerkinElmer, Waltham, MA) for digestion in preparation for liquid scintilla-
tion counting of 33P activity remaining in the jejunal loop. After heating overnight at 45˚C in
an oven, the dissolved jejunal loop was split into two vials and lightened with 0.6 mL 30%
hydrogen peroxide (Avantor, Center Valley, PA) to reduce color quench.
Under anesthesia, rats were sacrificed by cardiac puncture and exsanguination followed
by cardiac excision. Blood (0.5 mL) was aliquoted into lithium heparin tubes for hematocrit
measurement and stored on ice until centrifugation for 5 minutes at 5,900 g (Readacrit,
Clay Adams, Parsippany, N.J.). Remaining blood was aliquoted into lithium heparin tubes
for plasma separation as described above, flash frozen in liquid nitrogen and stored at -80C
until analysis.
Liquid scintillation counting of the 33P transport buffer solution, plasma samples from each
time point, and digested jejunal loop was performed on a Tri-Carb 2910 TR Liquid Scintillation
Analyzer (PerkinElmer, Waltham, MA). 500 uL of transport buffer solution and 250 uL plasma
samples were counted in 15 mL of EcoLite liquid scintillation cocktail (MP Biomedicals, Santa
Ana, CA), and digested loops were counted in 17 mL of Hionic-Fluor scintillation cocktail (Perki-
nElmer, Waltham, MA). Appropriate quench curves for each scintillation cocktail were used to
adjust counts per minute to disintegrations per minute [22] (S1 File). Absorption of 33P was evalu-
ated two ways: 1) area under the curve (AUC) was calculated for plasma 33P activity over 30 min-
utes, and 2) percent intestinal phosphorus absorption efficiency over 30 minutes was calculated as:
1 − (33P activity remaining in digested loop) / (Total 33P activity in 0.5mL dose) � 100
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Phosphorus and calcium balance and net absorption
On days 10 through 14 of the assigned study diet, all urine and feces were collected and diet
weighed daily to assess 4-day average phosphorus and calcium balance and net absorption.
Feces and diet were ashed in a muffle furnace (Thermolyne Sybron Type 30400, Dubuque, IA)
for 10 days at 550˚C. Feces were then diluted 140X and diet 14X with 2% nitric acid. Urine was
diluted 11X with 2% nitric acid. Phosphorus and calcium in urine, feces, and diet were quanti-
fied by inductively coupled plasma-optical emission spectrophotometry (ICP-OES; Optima
4300DV, Perkin Elmer, Shelton, CT). Urine creatinine was determined by colorimetric method
using a COBAS Integra 400 Plus (Roche Diagnostics, Indianapolis, IN). Four-day phosphorus
balance was calculated as dietary phosphorus intake (mg/d) minus urine and fecal phosphorus
excretion (mg/d), and net phosphorus absorption as phosphorus intake (mg/d) minus fecal
excretion (mg/d). Calcium balance and net calcium absorption were calculated similarly.
Intestinal phosphate transporter gene expression
After the completion of the ligated loop absorption tests and the removal of the radioactive jejunal
loop, approximately 5 cm of jejunum distal to the loop and 5 cm of duodenum distal to the pylo-
rus were removed, cut open and rinsed with ice-cold deionized water. The mucosal layers were
scraped, and mucosa from each intestinal segment was placed into TRI Reagent (Fisher Scientific,
Hampton, NH) and flash frozen in liquid nitrogen for later mRNA quantification by RT-PCR.
Total RNA was extracted using Omega HP Total RNA Kit (R6812-00, Omega Bio-tek, Nor-
cross, GA; modified to add a chloroform extraction step). Concentration and purity were
determined on a NanoDrop 2000c spectrophotometer at 260, 280, and 230nm (Thermo Fisher
Scientific, Waltham, MA). Real-time PCR amplifications were performed using TaqMan gene
expression assays (TaqMan MGP probes, FAM dye-labeling) with Applied Biosystems ViiA 7
Real-Time PCR systems (Applied Biosystems). NaPi2b (Slc34a2), PiT1 (Slc20a1), and Rplp0
primers were obtained from Applied Biosystems (Rn00584515_m1, Rn00579811_m1, and
Rn03302271_gH). The ΔΔCT method was used to analyze the relative change in gene expres-
sion normalized to the housekeeping gene Rplp0.
Plasma biochemistries
Plasma stored at -80C was thawed and analyzed for phosphorus, calcium, and creatinine concen-
tration by colorimetric method using a COBAS Integra 400 Plus (Roche Diagnostics, Indianapo-
lis, IN). Blood urea nitrogen (BUN), calcium and phosphorus were measured by colorimetric
assay (BioAssay Systems, Hayward, CA and Point Scientific, Canton, MI). Intact parathyroid
hormone (iPTH), intact fibroblast growth factor 23 (iFGF23), c-terminal (includes c-terminal
fragments and intact protein) FGF23 (cFGF23) (Immutopics, San Clemente, CA), and 1,25(OH)
2D3 by enzyme immunosorbent assay (Immunodiagnostic Systems, The Boldons, UK).
Statistics
A sample size of n = 8 rats/group was determined to be sufficient to detect a 30% difference
between groups for phosphorus absorption (β = 0.80, α = 0.05) based on means and standard
deviations reported by Marks et al. [20]. Two-way ANOVA was performed for all outcomes
with main effects for diet and age and their interaction utilizing least-squares means with
Tukey post-hoc comparisons. Statistical significance was set at α< 0.05. Statistical Analysis
Software version 9.3 (SAS Institute, Cary, NC) was used for all statistical analysis. Results and
figures are reported as mean ± SEM of each age group on the three diets, or vice versa, unless
otherwise indicated.
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Results
Body weight prior to starting the assigned diet was higher for older rats, as physiologically
expected (10-week-olds: 275.8 ± 3.1 g, 20-week-olds: 425.5 ± 5.5 g, 30-week-olds: 461.5 ± 5.5 g,
p< 0.0001 for all comparisons, but was not different between the diet groups, nor was there
an age x diet interaction (diet main effect, p = 0.3751; age x diet interaction, p = 0.2762). At
sacrifice, body weight followed a similar pattern (10-week-olds: 306.7 ± 5.8 g, 20-week-olds:
438.7 ± 4.5 g, 30-week-olds: 485.8 ± 5.7 g, p< 0.0001 for all comparisons; diet main effect,
p = 0.1344; age x diet interaction, p = 0.0741).
At the time of sacrifice, plasma creatinine tended to be higher in 10-week-old rats versus
20- and 30-week-olds (0.49 ± 0.02 mg/dL vs 0.44 ± 0.01 mg/dL and 0.45 ± 0.01 mg/dL) but no
post-hoc comparisons were significant due to a marginal interaction with diet (Table 1). Uri-
nary creatinine increased at each age group (7.2 ± 0.2, 11.9 ± 0.4, 13.5 ± 0.4 for 10, 20, and
30-week-old, respectively (p< 0.0001 for 10 vs 20 and 30, p = 0.0042 for 20 vs 30). (Table 1).
Creatinine clearance was lower in 10-week-old rats versus 20- and 30-week-old rats (3.6 ± 0.1
mL/min vs 4.5 ± 0.2 mL/min and 4.5 ± 0.1 mL/min, p = 0.0005 and p = 0.0003, respectively)
(Table 1). Plasma BUN progressively declined with age but was within normal physiologic
range (22.6 ± 0.5 mg/dL, 20.4 ± 0.6 mg/dL, and 18.3 ± 0.5 mg/dL for 10-, 20-, and 30-week
groups respectively (p< 0.015 for all comparisons) and did not change with level of phospho-
rus in the diet (p = 0.0771). Plasma phosphorus was higher in 10-week old rats compared to
both the 20- and 30-week olds (9.4 ± 0.3 mg/dL vs 7.5 mg/dL ± 0.2 and 7.2 ± 0.1 mg/dL,
p< 0.0001 for both), but there was no difference between diets (Table 1). There was a signifi-
cant age x diet interaction for plasma calcium, where 10-week olds had higher plasma calcium
on LP compared with NP and HP (p = 0.0011 and p = 0.0005 respectively), but there were no
other significant group comparisons (Table 1). Overall, dietary phosphorus level and age
caused anticipated changes in the phosphorus-regulating hormones of 1,25D, FGF23, and
PTH. There was a significant age x diet interaction for plasma iPTH where LP resulted in
lower iPTH compared with NP and HP, but the magnitude was greatest in the 10-week old
rats (Table 1). Both iFGF23 and cFGF23 were lower in the LP vs NP and HP (iFGF23:
106.6 ± 11.3 pg/mL vs 327.1 ± 14.7 pg/mL and 347.3 ± 11.8 pg/mL, p< 0.0001 for both;
cFGF23: 266.6 ± 15.1 pg/mL ± vs 496.8 ± 16.6 pg/mL and 514.8 ± 21.4 pg/mL, p< 0.0001 for
both) (Table 1). iFGF23 was also lower in 10-week-old vs 20-week-old rats (240.7 ± 27.7 pg/
mL vs 282.5 ± 25.6 pg/mL, p = 0.0491) (Table 1). 1,25D was higher in 10-week old rats com-
pared to 20- and 30-week (446.0 ± 19.9 pg/mL vs 339.9 ± 16.7 pg/mL and 325.1 ± 16.6 pg/mL,
p = 0.0001 and p< 0.0001) and it was higher on LP vs NP (414.1 ± 24.7 pg/mL vs 328.7 ± 18.0
pg/mL; p = 0.0017), HP was not significantly different from LP (370.1 ± 16.9 pg/mL vs
414.1 ± 24.7 pg/mL, p = 0.11) or NP (370.1 ± 18.0 pg/mL vs 328.7 pg/mL, p = 0.24) (Table 1).
Percent intestinal phosphorus absorption efficiency (percent of dose), as assessed by disap-
pearance from the intestinal loop at 30 minutes, was higher in 10-week-olds compared to both
20- and 30-week-olds (42.5 ± 0.02% vs 35.6 ± 0.01% and 34.7 0.02%, p < 0.01 for both), but
20- and 30-week-olds were similar (Fig 1). Correspondingly, the plasma 33P activity (percent
of dose) AUC over 30 minutes was higher in 10 weeks-olds compared to both 20- and 30-
week-olds (1.3 ± 0.08% vs 0.7 ± 0.03% and 0.7 ± 0.04%, p< 0.0001 for both) (Fig 2) There was
no effect of dietary phosphorus level on either absorption measure (loop: p = 0.4907; plasma
AUC: p = 0.2585), nor any significant age x diet interaction (loop: p = 0.4034; plasma AUC:
p = 0.9986). Similar results were observed when plasma 33P activity at only the final 30-minute
time point was analyzed (p = 0.6742 for diet main effect, p< 0.0001 for 10 week-olds vs 20-
and 30-week-olds).
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Similar to the jejunal ligated loop absorption results, jejunal NaPi-2b mRNA was higher in
10-week-olds compared to both 20- and 30-week-olds (p = 0.0016 and p = 0.0245, respectively)
(Fig 3A). In the duodenum, there was an age x diet interaction (p = 0.0011) driven by higher
NaPi-2b mRNA levels in 10-week-olds on the low phosphorus diet compared to all other
groups (Fig 3B). Jejunal PiT1 mRNA tended to be higher at 30-weeks, although the overall
model did not reach statistical significance (p = 0.0524) (Fig 3C). Duodenal PiT1 expression
was not significantly affected by diet or age (overall model p = 0.4975) (Fig 3D).
Phosphorus balance was higher in 10-week-olds compared with both 20- and 30-week-
olds, and not different between 20- and 30-week-olds (36.4 ± 5.5 mg/day vs 15.7 ± 6.1 mg/day
and 18.1 ± 5.5 mg/day, p = 0.0113 and 0.0286, respectively) (Fig 4A). There was a significant
Table 1. Final blood and urine biochemistries†.
10 weeks old 20 weeks old 30 weeks old P-Values
LP NP HP LP NP HP LP NP HP Model Age Diet Age x
Diet
Plasma P (mg/dL)a 9.2 (0.6) 9.0 (0.2) 9.9 (0.5) 7.1 (0.3) 8.0 (0.2) 7.4 (0.3) 7.2 (0.3) 7.2 (0.2) 7.2 (0.2) <0.0001 <
0.0001
0.4715 0.1703
Plasma Ca (mg/dL)a 10.8
(0.4)
9.4 (0.1) 9.3 (0.1) 9.6 (0.2) 9.1 (0.2) 9.3 (0.2) 9.6 (0.2) 9.7 (0.1) 9.8 (0.1) <0.0001 0.0084 0.0004 0.0009
Plasma Creatinine
(mg/dL)a
0.5
(0.04)
0.5
(0.02)
0.5
(0.04)
0.5
(0.02)
0.5
(0.02)
0.4
(0.02)
0.5
(0.01)
0.5
(0.02)
0.4 (0.0) 0.0142 0.0438 0.1500 0.0504
Urine Creatinine (mg/
dL)
6.6 (0.4) 8.0 (0.5) 7.2 (0.1) 12.4
(0.8)
10.7
(0.7)
12.5
(0.7)
13.3
(0.7)
14.3
(0.4)
12.8
(0.7)
<0.0001 <
0.0001
0.8948 0.0317
Hematocrit (%)b 42.2
(1.1)
43.1
(0.7)
44.3
(0.5)
44.6
(1.0)
45.3
(0.7)
44.1
(1.4)
44.3
(0.1)
43.9
(1.0)
45.5
(0.7)
0.2573 0.0828 0.4396 0.4635
Creatinine Clearance
(mL/min)a
3.2 (0.2) 4.0 (0.2) 3.5 (0.2) 4.5 (0.4) 4.0 (0.3) 5.0 (0.3) 4.3 (0.3) 4.2 (0.2) 4.9 (0.2) 0.0002 <0.0001 0.0814 0.0641
BUN (mg/dL)c 23.6
(0.9)
21.8
(0.8)
22.5
(0.7)
22.0
(0.8)
21.0
(0.9)
18.4
(1.2)
18.7
(0.7)
18.0
(0.9)
18.3
(1.3)
<0.0001 <0.0001 0.0771 0.2731
Plasma PTH (pg/mL) 92.1
(28.9)
617.1
(43.7)
778.6
(64.5)
194.6
(37.9)
446.7
(40.6)
376.6
(54.9)
262.8
(62.2)
437.2
(95.6)
421.6
(49.0)
<0.0001 0.0027 <0.0001 <0.0001
Plasma iFGF23 (pg/
mL)d
60.2
(4.0)
300.9
(19.1)
338.3
(24.9)
133.0
(21.1)
340.0
(32.9)
355.8
(21.0)
124.2
(16.1)
340.4
(23.5)
347.8
(16.8)
<0.0001 0.0377 <0.0001 0.7148
Plasma cFGF23 (pg/
mL)d
292.3
(34.0)
504.0
(19.2)
554.4
(48.6)
240.8
(13.3)
458.5
(37.2)
497.6
(39.8)
266.6
(21.6)
528.0
(24.9)
492.3
(13.1)
<0.0001 0.1426 <0.0001 0.6751
Plasma 1,25D (pg/
mL)e
527.7
(30.1)
404.0
(25.7)
411.3
(29.5)
385.2
(25.3)
289.0
(32.0)
356.7
(17.7)
336.3
(31.4)
302.5
(19.7)
338.2
(36.5)
<0.0001 <0.0001 0.0026 0.2225
†Final blood and urine biochemistries. ANOVA p-values for the overall model (PModel), main effect of age (PAge), main effect of diet (PDiet), and interaction of age and
diet (PAxD) are shown, and means and (SEM) are shown for each group. Plasma phosphorus values were higher in 10 week olds vs 20 and 30 weeks. An age x diet
interaction for plasma calcium was driven by an increase at 10 weeks on the low phosphorus diet. Plasma creatinine was higher in 10 week olds but had a marginal
interaction with diet. Urinary creatinine increased at each age group. Blood hematocrit was not different between age or diet groups. Creatinine clearance was lower at
10 weeks vs 20 and 30 weeks. Plasma BUN progressively declined with age. There was a significant age x diet interaction for plasma PTH were low phosphorus resulted
in lower PTH compared to normal and high phosphorus, but the magnitude was greatest at 10 weeks. iFGF23 was lower in the low phosphorus group compared to
normal and high, and lower at 10 weeks compared to 20 weeks. cFGF23 was lower in the low phosphorus group compared to normal and high phosphorus. Plasma
1,25D was higher at 10 weeks compared to 20 and 30 weeks, and higher on the low phosphorus compared to normal phosphorus diet. LP = low phosphorus diet,
NP = normal phosphorus diet, HP = high phosphorus diet.
a n = 4 excluded for insufficient plasma.
b n = 12 excluded for insufficient sample.
c n = 2 excluded for insufficient plasma.
d n = 3 excluded as unphysiologic outliers (near zero).
e n = 6 excluded for insufficient plasma.
https://doi.org/10.1371/journal.pone.0207601.t001
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Fig 1. Percent jejunal phosphorus absorption efficiency by age and dietary phosphorus intake level. Phosphorus
absorption efficiency was calculated as 1-(33P activity remaining in jejunal loop)/(Total 33P activity in dose) after 30
minutes post 33P injection into the jejunal loop. Means and standard error bars are shown for each group. Low
phosphorus diet (0.1%) is shown in white bars and black dots; normal phosphorus diet (0.6%) is shown in grey with
black diamonds; and high phosphorus diet (1.2%) is shown in black with white circles. ANOVA p-values for the
overall model (PModel), main effect of age (PAge), main effect of diet (PDiet), and interaction of age and diet (PAxD) are
shown. There was a main effect for age where 10 week old rats had higher phosphorus absorption compared to both 20
and 30 week olds, but there was no significant effect of dietary phosphorus intake level and no significant age x diet
interaction. �� p< 0.01. n = 2 excluded, 1 for mishandling loop, and 1 unphysiologic (counts ~150 fold lower than
expected).
https://doi.org/10.1371/journal.pone.0207601.g001
Fig 2. A) Jejunal phosphorus absorption determined by appearance of 33P in plasma over 30 minutes (AUC).
Means and standard error bars are shown for each group. Low phosphorus diet (0.1%) is shown in white bars and
black dots; normal phosphorus diet (0.6%) is shown in grey with black diamonds; and high phosphorus diet (1.2%) is
shown in black with white circles. ANOVA p-values for the overall model (PModel), main effect of age (PAge), main
effect of diet (PDiet), and interaction of age and diet (PAxD) are shown. B) Jejunal phosphorus absorption determined
by appearance of 33P in plasma over 30 minutes (time series). Each diet group (left) and each age group are
compared (right). Results at 30 minutes were similar to AUC. Absorption was calculated as percent of total 33P activity
in the initial dose. There was a main effect for age where 10 week old rats had higher phosphorus absorption compared
to both 20 and 30 week olds, but there was no significant effect of dietary phosphorus intake level and no significant
age x diet interaction. ��� p< 0.0001. n = 1 excluded for missing last 2 timepoints.
https://doi.org/10.1371/journal.pone.0207601.g002
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effect for diet on phosphorus balance, where HP was higher than NP and LP (43.4 ± 8.2 mg/
day vs 17.5 ± 3.4 mg/day and 9.2 ± 1.2 mg/day, p = 0.0012 and p< 0.0001, respectively). For
net phosphorus absorption, there was a clear dose-response effect of diet (LP: 9.4 ± 1.2 mg/
day, NP: 62.0 ± 2.7 mg/day, HP: 162.2 ± 3.8 mg/day, p< 0.0001 for all comparisons), and
10-week-olds had higher net phosphorus absorption than 20- and 30-week old rats
(85.3 ± 13.5 mg/day vs 76.4 ± 13.6 mg/day and 72.0 ± 13.3 mg/day, p = 0.0469 and p< 0.0017,
respectively), but 20- and 30-week-olds were not different (Fig 5A). Calcium balance was also
higher in 10-week-old rats compared with both 20- and 30-week but not between 20- and
30-week-olds (32.5 ± 1.7 mg/day vs 15.8 ± 2.9 mg/day and 7.8 ± 4.6 mg/day, p = 0.0024 and
p< 0.0001, respectively (Fig 4B). Net calcium absorption was similarly higher in 10-week rats
(35.7 ± 2.1 mg/day vs 17.5 ± 3.0 mg/day and 10.1 ± 4.7 mg/day, p = 0.0012 and p< 0.0001)
(Fig 5B). Phosphorus in the diet had no effect on calcium balance nor net absorption of cal-
cium (p = 0.6981 and p = 0.1141 for main effect) (Figs 4B and 5B).
Fig 3. A) Jejunal NaPi-2b mRNA expression by age and dietary phosphorus intake level. There was a main effect
for age where 10 week old rats had higher NaPi-2b expression compared to both 20 and 30 week olds, but there was no
significant effect of dietary phosphorus intake level and no significant age x diet interaction. B) Duodenal NaPi-2b
mRNA expression by age and dietary phosphorus intake level. There was a significant interaction driven by a higher
expression in 10 week rats on a low phosphorus diet. C) Jejunal PiT-1 mRNA expression by age and dietary
phosphorus intake level. The overall model approached significance, with a main effect for age where 30 week old rats
had higher PiT-1 expression compared to both 20 and 10 week olds, but there was no significant effect of dietary
phosphorus intake level and no significant age x diet interaction. D) Duodenal PiT-1 mRNA expression by age and
dietary phosphorus intake level. There were no differences in age, diet, or interaction. Expression was calculated
relative to Rplp0. Means and standard error bars are shown for each group. Low phosphorus diet (0.1%) is shown in
white bars and black dots; normal phosphorus diet (0.6%) is shown in grey with black diamonds; and high phosphorus
diet (1.2%) is shown in black with white circles. ANOVA p-values for the overall model (PModel), main effect of age
(PAge), main effect of diet (PDiet), and interaction of age and diet (PAxD) are shown.
� p< 0.05, �� p< 0.01, # p< 0.01
vs all other groups. n = 1 duodenum NaPi-2b and PiT-1 excluded for missing sample.
https://doi.org/10.1371/journal.pone.0207601.g003
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Discussion
In this study, we found higher intestinal phosphorus absorption at 10-weeks of age compared
to 20- and 30-weeks as assessed by the ligated loop technique in both appearance of 33P in
plasma and disappearance of 33P from the intestinal loop. This interpretation is supported by
the more positive net phosphorus absorption from metabolic balance and more positive over-
all phosphorus balance, higher plasma phosphorus, and higher NaPi-2b mRNA expression in
Fig 5. A) Net phosphorus absorption by age and dietary phosphorus intake level. There was a main effect for age
where 10 week old rats had higher net phosphorus absorption compared to both 20 and 30 week olds, and net
absorption increased with each phosphorus level in the diet, with no significant age x diet interaction. B) Net calcium
absorption by age and dietary phosphorus intake level. There was a main effect for age where 10 week old rats had
higher calcium balance compared to both 20 and 30 week olds, but there was no significant effect of dietary
phosphorus intake level and no significant age x diet interaction. Net absorption for each mineral was calculated as
intake–fecal. Means and standard error bars are shown for each group. Low phosphorus diet (0.1%) is shown in white
bars and black dots; normal phosphorus diet (0.6%) is shown in grey with black diamonds; and high phosphorus diet
(1.2%) is shown in black with white circles. ANOVA p-values for the overall model (PModel), main effect of age (PAge),
main effect of diet (PDiet), and interaction of age and diet (PAxD) are shown.
� p< 0.05, �� p< 0.01, # p< 0.0001 vs
normal and low phosphorus, & p< 0.0001 vs high and low phosphorus.
https://doi.org/10.1371/journal.pone.0207601.g005
Fig 4. A) Phosphorus balance by age and dietary phosphorus intake level. There was a main effect for age where 10
week old rats had higher phosphorus balance compared to both 20 and 30 week olds, and the high phosphorus diet
group was higher than normal and low phosphorus, with no significant age x diet interaction. B) Calcium balance by
age and dietary phosphorus intake level. There was a main effect for age where 10 week old rats had higher calcium
balance compared to both 20 and 30 week olds, but there was no significant effect of dietary phosphorus intake level
and no significant age x diet interaction. Balance for each mineral was calculated as intake–fecal + urine. Means and
standard error bars are shown for each group. Low phosphorus diet (0.1%) is shown in white bars and black dots;
normal phosphorus diet (0.6%) is shown in grey with black diamonds; and high phosphorus diet (1.2%) is shown in
black with white circles. ANOVA p-values for the overall model (PModel), main effect of age (PAge), main effect of diet
(PDiet), and interaction of age and diet (PAxD) are shown.
� p< 0.05, �� p< 0.01, ��� p< 0.0001.
https://doi.org/10.1371/journal.pone.0207601.g004
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the 10-week rats vs the 20- and 30-week-olds. The lack of differences between 20- and
30-week-old rats is likely due to less metabolic demand of bone for phosphorus. The increased
phosphorus absorption and positive phosphorus balance corresponded to higher serum phos-
phorus levels at a younger age, similar to that in humans [23, 24]. Further, there was lower
PTH and FGF23 levels and higher 1,25D levels at the younger age, suggesting that hormonal
regulation decreases renal phosphorus excretion via decreased PTH and FGF23, and increases
intestinal absorption via vitamin D [7]. The elevation at 10-weeks likely reflects the increased
requirement of phosphorus for growth at this age [25] but how these hormonal changes are
stimulated during growth is not completely understood.
Other studies that have observed differences in sodium-dependent BBMV phosphate
uptake between post-weaning and adult rodents have studied even older rats and still found
no differences compared with younger adult rats. Armbrecht [26] compared 8–12 week-old
(“young’) vs 48-46-week-old (“adult”) and 88-96-week-old (“old”) Fisher 344 rats, and
observed differences between the young vs adult and old rats, but no difference between the
adult and old rats. This suggests that sodium-dependent absorption decreases after growth
then plateaus for the adult lifespan. Borowitz and Ghishan [27] also showed an age-dependent
decrease in jejunal sodium-independent BBMV phosphate uptake from 2 to 6 weeks-of-age,
albeit smaller than sodium-dependent reductions. The changes to sodium-independent phos-
phate transport in later stages of aging should be further evaluated, as this may contribute to a
greater portion of total phosphorus absorption with aging. In the pre-weaning mouse, an age-
dependent decrease in NaPi-2b occurs from 14 days to 21 days to 8 weeks, and then remains
the same until 8–9 months (32–36 weeks) [28]. In rats, there is an age-dependent decrease in
NaPi-2b gene expression from 2 weeks to 3 weeks to 6 weeks and 95–100 days (13.5–14.3
weeks), and a reduction in BBMV uptake between 2 weeks and 95–100 days [29]. Future work
is necessary to characterize changes in absorption during this transition using more physio-
logic absorption techniques.
Importantly, we did not find a difference by dietary phosphorus level on intestinal phos-
phorus absorption assessed by jejunal ligated loop. We used the same low phosphorus diet
(0.1%) that has been shown to increase jejunal NaPi-2b expression and sodium-dependent
phosphate uptake in rats in vitro [11, 12], but don’t see that translate in our study to an effect
on the in situ ligated loop technique using a transport buffer phosphate concentration that
would be expected to favor sodium-dependent transport [30]. The sodium-dependent, trans-
cellular pathway predominates at low luminal phosphate concentrations, whereas the sodium-
independent, paracellular pathway will contribute more at high luminal phosphate concentra-
tions [30–32]. The latter was reflected in our results by the stepwise increase in net phosphorus
absorption corresponding to the amount of phosphorus in the diet. NaPi-2b is currently
understood to be the main sodium-dependent intestinal phosphate transporter. It shares
homology to the renal NaPi-2a/c transporters [33, 34] and the type III sodium-phosphate co-
transporters, PiT-1 and PiT-2, that are considered to play more minor roles in absorption [33–
37]. NaPi-2b is estimated to contribute >90% of sodium-dependent transport based on a
mouse NaPi-2b knockout model [36], with PiT-1 and PiT-2 believed to contribute <10% of
sodium-dependent transport [37]. We did not measure PiT-2 because its expression in the
intestine is very low [38] and others have found that PiT-2 mRNA does not change in response
to dietary phosphorus restriction [10]. Interestingly, recent evidence suggests that additional
transporters may be yet undiscovered [12]. Our data question the importance of sodium-
dependent transcellular phosphate transport in the presence of a liberal consumption of die-
tary phosphorus which would favor the sodium-independent pathway, characteristic of the
American diet [39]. Other rodent and pig studies have consistently found increases in in vitro
intestinal BBMV phosphate uptake after a low phosphorus diet [9–14, 16, 17, 40], and while
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studies that measure NaPi-2b protein expression consistently find increases [11, 12, 14, 16, 18,
40, 41], NaPi-2b mRNA expression only increases in some [14, 16, 41], but not all studies [10,
15, 20]. A limitation in our study is a lack of transporter protein expression. In contrast, and
similar to our findings, the previous studies in rodents using the more physiologic in situ
ligated loop technique for effects of low phosphorus diets have had conflicting results [19, 20].
Rizzoli et al. [19] observed higher duodenal phosphate transport after a 15-minute ligated loop
on a low phosphorus (0.2%) diet in normal female rats compared to a normal phosphorus
(0.8%) diet after 16 days of feeding, but not after only 8 days, and higher duodenal phosphate
transport with a normal phosphorus (0.8%) diet compared to a high phosphorus (1.8%) diet
after 8 days. However, these results were split between two separate experiments with different
concentrations of phosphate in the absorption buffers (5 mM and 2 mM), making it difficult
to compare low vs high phosphorus intake. More recently, Marks et al. [20] tested the effects of
very low phosphorus (0.02%) versus normal phosphorus (0.52%) diet on jejunal phosphate
transport efficiency in 5/6th nephrectomized male rats with a 30-minute jejunal ligated loop.
No effect of diet on phosphorus absorption was observed, nor any change in jejunal or duode-
nal NaPi-2b mRNA expression. Together, the results of our study which utilized both loop dis-
appearance and plasma 33P counts, and the other in situ studies, suggest that conclusions on
the effects of low phosphorus diets on phosphorus absorption from studies utilizing in vitro
and ex vivo uptake/transport or flux techniques which utilize isolated intestinal segments or
BBMV may not appropriately reflect physiologic conditions affecting phosphorus absorption.
Thus, there is need for additional studies that employ more physiological methods of phospho-
rus absorption assessment. Our study was limited to male rats, so we were unable to determine
if sex-differences exist for age and dietary phosphorus intake level effects on intestinal phos-
phorus absorption by the ligated loop technique. To our knowledge, ours is the first study to
utilize the ligated loop method on normal male rats to test this question.
In vitro techniques may fail to replicate physiologic in vivo techniques for a number of
reasons. First, even when using a low transport buffer phosphate concentrations (0.1 mM
KH2PO4) [31] close to the Km of NaPi-2b [42], residual luminal phosphate makes it such
that sodium-dependent transport is contributing a smaller proportion to total phosphate
transport and mask effects of interventions on the sodium-dependent transport mecha-
nism. Luminal phosphate concentration in vivo is ~1.5–40 mM in the proximal intestine
depending on measurement technique [31, 43], which may contribute to a higher passive
transport than in vitro techniques. Thus, estimating this contribution with the ligated loop
is challenging. Marks and colleagues assessed the proportion of sodium-dependent absorp-
tion with the ligated loop in rats at 32 ± 8% vs 73 ± 5% using the everted sleeve with the
phosphate concentration that we utilized [31]. It is likely that excreted luminal sodium dur-
ing the test results in sodium-dependent transport when injecting a solution without
sodium, and indeed measurable sodium was present at the end of the test. Therefore, we
assume that 32% sodium-dependency is a low-end estimate using this technique. While it is
a limitation that we didn’t attempt to measure changes in sodium-independent absorption
with respect to dietary phosphorus and age, sodium-independent uptake is not regulated by
dietary phosphorus [10, 13, 40, 44]. Additional factors such as a disconnection to local
blood flow and nerves or transmural potential differences may explain in situ/in vivo differ-
ences with in vitro/ex vivo techniques [31]. It is also possible that other intestinal segments
would respond to the two factors we tested. However our interest in studying the jejunum
as regional specific regulation of phosphorus absorption was because 1) NaPi-2b is
expressed highest in the jejunum in rats [45], 2) some studies show that NaPi-2b mRNA
and protein only respond to chronic phosphorus restriction in the jejunum but not duode-
num [38], and only uptake increased in the jejunum [38]. Further, infusion of Matrix
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Extracellular Phosphoglycoprotein in rats led to a selective change in absorption rate in the
jejunum but not duodenum, suggesting that the jejunum may be most responsive to other
factors as well [46]. However, Rizzoli and colleagues showed an increased absorption effi-
ciency in the duodenal segment in rats with the loop [19], whereas others have showed age
related decreases in uptake with age in both the jejunum and duodenum [26]. Additional
research is needed to clarify the relative importance of capacity of the duodenum to adapt
to various factors.
In conclusion, in the present study we examined the interaction of age and diet on intestinal
phosphorus absorption in healthy male Sprague Dawley rats with the in situ ligated loop tech-
nique. Moderate phosphorus restriction (0.1%) did not affect phosphate absorption with this
technique, but absorption was higher in younger (10-week) rats with higher positive phospho-
rus balance.
Supporting information
S1 File. Quench curve preparation.
(DOCX)
S2 File. Primary data.
(XLSX)
Acknowledgments
We thank Dr. James Fleet for his guidance and technical assistance.
Author Contributions
Conceptualization: Kathleen M. Hill Gallant.
Data curation: Colby J. Vorland, Loretta O. Aromeh, Sharon M. Moe, Neal X. Chen, Kathleen
M. Hill Gallant.
Formal analysis: Colby J. Vorland, Kathleen M. Hill Gallant.
Funding acquisition: Kathleen M. Hill Gallant.
Investigation: Colby J. Vorland, Pamela J. Lachcik, Kathleen M. Hill Gallant.
Methodology: Colby J. Vorland, Pamela J. Lachcik, Kathleen M. Hill Gallant.
Project administration: Colby J. Vorland, Kathleen M. Hill Gallant.
Writing – original draft: Colby J. Vorland, Kathleen M. Hill Gallant.
Writing – review & editing: Colby J. Vorland, Pamela J. Lachcik, Loretta O. Aromeh, Sharon
M. Moe, Neal X. Chen, Kathleen M. Hill Gallant.
References
1. Covic A, Kothawala P, Bernal M, Robbins S, Chalian A, Goldsmith D. Systematic review of the evidence
underlying the association between mineral metabolism disturbances and risk of all-cause mortality,
cardiovascular mortality and cardiovascular events in chronic kidney disease. Nephrol Dial Transplant.
2009; 24(5):1506–23. Epub 2008/11/11. https://doi.org/10.1093/ndt/gfn613 PMID: 19001560.
2. Campos-Obando N, Koek WNH, Hooker ER, van der Eerden BC, Pols HA, Hofman A, et al. Serum
Phosphate Is Associated With Fracture Risk: The Rotterdam Study and MrOS. J Bone Miner Res.
2017; 32(6):1182–93. Epub 2017/03/27. https://doi.org/10.1002/jbmr.3094 PMID: 28177140; PubMed
Central PMCID: PMCPMC5466477.
Intestinal phosphorus absorption adaptation to dietary phosphorus intake and age
PLOS ONE | https://doi.org/10.1371/journal.pone.0207601 November 19, 2018 12 / 15
3. Palmer SC, Hayen A, Macaskill P, Pellegrini F, Craig JC, Elder GJ, et al. Serum levels of phosphorus,
parathyroid hormone, and calcium and risks of death and cardiovascular disease in individuals with
chronic kidney disease: a systematic review and meta-analysis. JAMA. 2011; 305(11):1119–27. https://
doi.org/10.1001/jama.2011.308 PMID: 21406649.
4. Da J, Xie X, Wolf M, Disthabanchong S, Wang J, Zha Y, et al. Serum Phosphorus and Progression of
CKD and Mortality: A Meta-analysis of Cohort Studies. Am J Kidney Dis. 2015; 66(2):258–65. Epub
2015/03/21. https://doi.org/10.1053/j.ajkd.2015.01.009 PMID: 25804679.
5. Tonelli M, Wiebe N, Culleton B, House A, Rabbat C, Fok M, et al. Chronic kidney disease and mortality
risk: a systematic review. J Am Soc Nephrol. 2006; 17(7):2034–47. Epub 2006/05/31. https://doi.org/
10.1681/ASN.2005101085 PMID: 16738019.
6. Scanni R, vonRotz M, Jehle S, Hulter HN, Krapf R. The human response to acute enteral and parenteral
phosphate loads. J Am Soc Nephrol. 2014; 25(12):2730–9. Epub 2014/05/22. https://doi.org/10.1681/
ASN.2013101076 PMID: 24854273; PubMed Central PMCID: PMCPMC4243350.
7. Marks J, Debnam ES, Unwin RJ. Phosphate homeostasis and the renal-gastrointestinal axis. Am J Phy-
siol Renal Physiol. 2010; 299(2):F285–96. Epub 2010/06/11. https://doi.org/10.1152/ajprenal.00508.
2009 PMID: 20534868.
8. Marks J, Debnam ES, Unwin RJ. The role of the gastrointestinal tract in phosphate homeostasis in
health and chronic kidney disease. Curr Opin Nephrol Hypertens. 2013; 22(4):481–7. https://doi.org/10.
1097/MNH.0b013e3283621310 PMID: 23666413; PubMed Central PMCID: PMCPMC4196778.
9. Caverzasio J, Danisi G, Straub R, Murer H, Bonjour J-P. Adaptation of phosphate transport to low phos-
phate diet in renal and intestinal brush border membrane vesicles: influence of sodium and pH. Pflu¨gers
Archiv European Journal of Physiology. 1987; 409(3):333–6. PMID: 3627953
10. Katai K, Miyamoto K, Kishida S, Segawa H, Nii T, Tanaka H, et al. Regulation of intestinal Na+-depen-
dent phosphate co-transporters by a low-phosphate diet and 1,25-dihydroxyvitamin D3. Biochem J.
1999; 343 Pt 3:705–12. PMID: 10527952; PubMed Central PMCID: PMCPMC1220605.
11. Giral H, Caldas Y, Sutherland E, Wilson P, Breusegem S, Barry N, et al. Regulation of rat intestinal Na-
dependent phosphate transporters by dietary phosphate. American Journal of Physiology-Renal Physi-
ology. 2009; 297(5):F1466–F75. https://doi.org/10.1152/ajprenal.00279.2009 PMID: 19675183
12. Candeal E, Caldas YA, Guille´n N, Levi M, Sorribas V. Intestinal phosphate absorption is mediated by
multiple transport systems in rats. American Journal of Physiology-Gastrointestinal and Liver Physiol-
ogy. 2017; 312(4):G355–G66. https://doi.org/10.1152/ajpgi.00244.2016 PMID: 28232455
13. Hattenhauer O, Traebert M, Murer H, Biber J. Regulation of small intestinal Na-Pi type IIb cotransporter
by dietary phosphate intake. American Journal of Physiology-Gastrointestinal and Liver Physiology.
1999; 277(4):G756–G62.
14. Segawa H, Kaneko I, Yamanaka S, Ito M, Kuwahata M, Inoue Y, et al. Intestinal Na-P(i) cotransporter
adaptation to dietary P(i) content in vitamin D receptor null mice. Am J Physiol Renal Physiol. 2004; 287
(1):F39–47. Epub 2004/03/02. https://doi.org/10.1152/ajprenal.00375.2003 PMID: 14996670.
15. Radanovic T, Wagner CA, Murer H, Biber J. Regulation of Intestinal Phosphate Transport I. Segmental
expression and adaptation to low-Pi diet of the type IIb Na+-Pi cotransporter in mouse small intestine.
American Journal of Physiology-Gastrointestinal and Liver Physiology. 2005; 288(3):G496–G500.
https://doi.org/10.1152/ajpgi.00167.2004 PMID: 15701623
16. Capuano P, Radanovic T, Wagner CA, Bacic D, Kato S, Uchiyama Y, et al. Intestinal and renal adapta-
tion to a low-Pi diet of type II NaPi cotransporters in vitamin D receptor- and 1alphaOHase-deficient
mice. Am J Physiol Cell Physiol. 2005; 288(2):C429–34. https://doi.org/10.1152/ajpcell.00331.2004
PMID: 15643054.
17. Lee D, Walling M, Brautbar N. Intestinal phosphate absorption: influence of vitamin D and non-vitamin D
factors. American Journal of Physiology-Gastrointestinal and Liver Physiology. 1986; 250(3):G369–G73.
18. Saddoris KL, Fleet JC, Radcliffe JS. Sodium-dependent phosphate uptake in the jejunum is post-tran-
scriptionally regulated in pigs fed a low-phosphorus diet and is independent of dietary calcium concen-
tration. J Nutr. 2010; 140(4):731–6. Epub 2010/02/17. https://doi.org/10.3945/jn.109.110080 PMID:
20164365; PubMed Central PMCID: PMCPMC3140216.
19. Rizzoli R, Fleisch H, Bonjour. Role of 1, 25-dihydroxyvitamin D3 on intestinal phosphate absorption in
rats with a normal vitamin D supply. Journal of Clinical Investigation. 1977; 60(3):639. https://doi.org/10.
1172/JCI108815 PMID: 893667
20. Marks J, Churchill L, Srai S, Biber J, Murer H, Jaeger P, et al. Intestinal phosphate absorption in a
model of chronic renal failure. Kidney international. 2007; 72(2):166–73. https://doi.org/10.1038/sj.ki.
5002292 PMID: 17457376
21. Miyagawa A, Tatsumi S, Takahama W, Fujii O, Nagamoto K, Kinoshita E, et al. The sodium phosphate
cotransporter family and nicotinamide phosphoribosyltransferase contribute to the daily oscillation of
Intestinal phosphorus absorption adaptation to dietary phosphorus intake and age
PLOS ONE | https://doi.org/10.1371/journal.pone.0207601 November 19, 2018 13 / 15
plasma inorganic phosphate concentration. Kidney Int. 2018; 93(5):1073–85. Epub 2018/02/06. https://
doi.org/10.1016/j.kint.2017.11.022 PMID: 29398136.
22. Thomson J. Use and Preparation of Quench Curves in Liquid Scintillation Counting 2014. Available
from: https://www.perkinelmer.com/liquidscintillation/images/APP_Use-and-Preparation-of-Quench-
Curves-in-LSC_tcm151-171749.pdf.
23. Institute of Medicine. Dietary reference intakes for calcium, phosphorus, magnesium, vitamin D, and
fluoride. Washington, DC: The National Academies Press; 1997.
24. Vorland CJ, Martin BR, Weaver CM, Peacock M, Gallant KMH. Phosphorus Balance in Adolescent
Girls and the Effect of Supplemental Dietary Calcium. JBMR Plus. 2018; 2(2):103–8. Epub 2018/03/27.
https://doi.org/10.1002/jbm4.10026 PMID: 29577111; PubMed Central PMCID: PMCPMC5863929.
25. National Research Council. Nutrient Requirements of Laboratory Animals,: Fourth Revised Edition,
1995. Washington, DC: The National Academies Press; 1995. 192 p.
26. Armbrecht HJ. Age-related changes in calcium and phosphorus uptake by rat small intestine. Biochim
Biophys Acta. 1986; 882(3):281–6. PMID: 3755361.
27. Borowitz SM, Ghishan FK. Maturation of jejunal phosphate transport by rat brush border membrane
vesicles. Pediatr Res. 1985; 19(12):1308–12. PMID: 4080450.
28. Arima K, Hines ER, Kiela PR, Drees JB, Collins JF, Ghishan FK. Glucocorticoid regulation and glycosyl-
ation of mouse intestinal type IIb Na-P(i) cotransporter during ontogeny. Am J Physiol Gastrointest
Liver Physiol. 2002; 283(2):G426–34. https://doi.org/10.1152/ajpgi.00319.2001 PMID: 12121891.
29. Xu H, Bai L, Collins JF, Ghishan FK. Age-dependent regulation of rat intestinal type IIb sodium-phos-
phate cotransporter by 1,25-(OH)(2) vitamin D(3). Am J Physiol Cell Physiol. 2002; 282(3):C487–93.
https://doi.org/10.1152/ajpcell.00412.2001 PMID: 11832333.
30. Eto N, Tomita M, Hayashi M. NaPi-mediated transcellular permeation is the dominant route in intestinal
inorganic phosphate absorption in rats. Drug Metab Pharmacokinet. 2006; 21(3):217–21. PMID:
16858125.
31. Marks J, Lee GJ, Nadaraja SP, Debnam ES, Unwin RJ. Experimental and regional variations in Na
+-dependent and Na+-independent phosphate transport along the rat small intestine and colon. Physiol
Rep. 2015; 3(1). Epub 2015/01/27. https://doi.org/10.14814/phy2.12281 PMID: 25626876; PubMed
Central PMCID: PMCPMC4387749.
32. Williams KB, DeLuca HF. Characterization of intestinal phosphate absorption using a novel in vivo
method. Am J Physiol Endocrinol Metab. 2007; 292(6):E1917–21. Epub 2007/02/13. https://doi.org/10.
1152/ajpendo.00654.2006 PMID: 17299082.
33. Hilfiker H, Hattenhauer O, Traebert M, Forster I, Murer H, Biber J. Characterization of a murine type II
sodium-phosphate cotransporter expressed in mammalian small intestine. Proceedings of the National
Academy of Sciences. 1998; 95(24):14564–9.
34. Xu H, Bai L, Collins JF, Ghishan FK. Molecular Cloning, Functional Characterization, Tissue Distribu-
tion, and Chromosomal Localization of a Human, Small Intestinal Sodium–Phosphate (Na+–P i) Trans-
porter (SLC34A2). Genomics. 1999; 62(2):281–4. https://doi.org/10.1006/geno.1999.6009 PMID:
10610722
35. Bai L, Collins JF, Ghishan FK. Cloning and characterization of a type III Na-dependent phosphate
cotransporter from mouse intestine. American Journal of Physiology-Cell Physiology. 2000; 279(4):
C1135–C43. https://doi.org/10.1152/ajpcell.2000.279.4.C1135 PMID: 11003594
36. Sabbagh Y, O’Brien SP, Song W, Boulanger JH, Stockmann A, Arbeeny C, et al. Intestinal npt2b plays
a major role in phosphate absorption and homeostasis. Journal of the American Society of Nephrology.
2009; 20(11):2348–58. https://doi.org/10.1681/ASN.2009050559 PMID: 19729436
37. Sabbagh Y, Giral H, Caldas Y, Levi M, Schiavi SC. Intestinal phosphate transport. Advances in chronic
kidney disease. 2011; 18(2):85–90. https://doi.org/10.1053/j.ackd.2010.11.004 PMID: 21406292
38. Giral H, Caldas Y, Sutherland E, Wilson P, Breusegem S, Barry N, et al. Regulation of rat intestinal Na-
dependent phosphate transporters by dietary phosphate. Am J Physiol Renal Physiol. 2009; 297(5):
F1466–75. Epub 2009/08/12. https://doi.org/10.1152/ajprenal.00279.2009 PMID: 19675183; PubMed
Central PMCID: PMCPMC2781338.
39. McClure ST, Chang AR, Selvin E, Rebholz CM, Appel LJ. Dietary Sources of Phosphorus among Adults
in the United States: Results from NHANES 2001–2014. Nutrients. 2017; 9(2). Epub 2017/01/30.
https://doi.org/10.3390/nu9020095 PMID: 28146091; PubMed Central PMCID: PMCPMC5331526.
40. Radanovic T, Wagner CA, Murer H, Biber J. Regulation of intestinal phosphate transport. I. Segmental
expression and adaptation to low-P(i) diet of the type IIb Na(+)-P(i) cotransporter in mouse small intes-
tine. Am J Physiol Gastrointest Liver Physiol. 2005; 288(3):G496–500. https://doi.org/10.1152/ajpgi.
00167.2004 PMID: 15701623.
Intestinal phosphorus absorption adaptation to dietary phosphorus intake and age
PLOS ONE | https://doi.org/10.1371/journal.pone.0207601 November 19, 2018 14 / 15
41. Aniteli TM, de Siqueira FR, Dos Reis LM, Dominguez WV, de Oliveira EMC, Castelucci P, et al. Effect
of variations in dietary Pi intake on intestinal Pi transporters (NaPi-IIb, PiT-1, and PiT-2) and phosphate-
regulating factors (PTH, FGF-23, and MEPE). Pflugers Arch. 2018; 470(4):623–32. Epub 2018/01/27.
https://doi.org/10.1007/s00424-018-2111-6 PMID: 29372301.
42. Wagner CA, Hernando N, Forster IC, Biber J. The SLC34 family of sodium-dependent phosphate trans-
porters. Pflugers Arch. 2014; 466(1):139–53. Epub 2013/12/19. https://doi.org/10.1007/s00424-013-
1418-6 PMID: 24352629.
43. Ikuta K, Segawa H, Sasaki S, Hanazaki A, Fujii T, Kushi A, et al. Effect of Npt2b deletion on intestinal
and renal inorganic phosphate (Pi) handling. Clin Exp Nephrol. 2017. Epub 2017/11/11. https://doi.org/
10.1007/s10157-017-1497-3 PMID: 29128884.
44. Quamme GA. Phosphate transport in intestinal brush-border membrane vesicles: effect of pH and die-
tary phosphate. American Journal of Physiology-Gastrointestinal and Liver Physiology. 1985; 249(2):
G168–G76.
45. Hernando N, Wagner CA. Mechanisms and Regulation of Intestinal Phosphate Absorption. Compr Phy-
siol. 2018; 8(3):1065–90. Epub 2018/07/07. https://doi.org/10.1002/cphy.c170024 PMID: 29978897.
46. Marks J, Churchill LJ, Debnam ES, Unwin RJ. Matrix extracellular phosphoglycoprotein inhibits phos-
phate transport. J Am Soc Nephrol. 2008; 19(12):2313–20. Epub 2008/11/14. https://doi.org/10.1681/
ASN.2008030315 PMID: 19005008; PubMed Central PMCID: PMCPMC2588094.
Intestinal phosphorus absorption adaptation to dietary phosphorus intake and age
PLOS ONE | https://doi.org/10.1371/journal.pone.0207601 November 19, 2018 15 / 15
